The Industrial Material Institute (IMI) together with the Institute for Biodiagnostic (IBD) has developed its own optical catheters for cardiovascular imaging applications. Those catheters have been used experimentally in the in vitro coronary artery model of the Langendorff beating heart and in a percutaneous coronary intervention procedure in a porcine model. For some catheter designs, non-uniform rotational distortion (NURD) can be observed as expected from past experience with intra-vascular ultrasound (IVUS) catheters.
INTRODUCTION
The first in vivo demonstration of OCT as a tool for intravascular imaging was performed in a rabbit aorta and reported in an article published in 1999 [1] . Since then, OCT technology has evolved tremendously in speed and image quality especially with the introduction of Fourier domain optical coherence tomography [2] . However, the optical catheters in use today are still more-or-less based on the same basic optical design which includes a grin lens followed by a right angle prism at the distal end of a single-mode optical fiber. Continuous rotation and a pullback are used for cylindrical mapping of the internal structure of an artery.
The optical catheter, nearly two meters in length, rotates within a transparent polymer sheath typically introduced into the vasculature from the femoral artery. The path to the coronary arteries passes by several curved paths such as the aorta and the tight passage from the aorta to the coronary artery. The coronary arteries may also be tortuous. Inevitably, friction occurs along the catheter. The torsion force balanced by the varying friction force induces non uniform rotation distortion (NURD) already known from experience with intra-vascular ultrasound (IVUS) catheters [3] [4] . NURD is probably inevitable but keeping it within acceptable limits is possible and is a real design challenge.
The optical catheter focusing optics may be designed to have the same diameter as the single-mode optical fiber with its basic protective coating of less than 250 µm.
IMI together with IBD has developed its own optical catheters for cardiovascular applications, such as the monitoring of stent deployment. Some tools developed for evaluating the mechanical performance of these catheters are presented here.
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NURD 2D TEST BENCH

Nurd test bench
Low-resolution images (http://www.bmb.leeds.ac.uk/illingworth/visible/vismale.htm#current ) from the Visible Human Dataset (http://www.nlm.nih.gov/research/visible/visible_human.html ) supplied by the US National Library of Medicine were used to retrace the three dimensional path that must be followed to access the coronary arteries of a human body through the aorta. With the help of an image segmentation algorithm the 3D map of subset of the coronary arteries was obtained. The 3D map was converted to a 2D map by tilting the paths while preserving the radius of curvature of the paths. For the purpose of NURD testing, the 3D curvature may be projected in a single plane as long as the radius of curvature is preserved. The 2D map was then used to groove channels, 1.4 mm deep in a polymer material plate as illustrated in Figure 5 . 
Observation of NURD in the test bench using OCT cardiovascular imaging system
The sheath was manually installed along the grooved paths of the test bench. As illustrated in Figure 6 , the distal extremity of the sheath was placed at the end of the LAD branch. The sheath was held in place with the help of acrylic polymer sheets (not shown) simply deposited on the top surface of the test bench. The optical catheter was then inserted inside the sheath up to the distal extremity of the sheath. We have specially selected a bad performing catheter known to provide a substantial amount of NURD.
The optical catheter was rotated at the rate of 4 turns/s using a time domain OCT interferometer, thereby providing cross-sectional images of the rectangular channels grooved in the test bench. OCT images were then continuously recorded while pulling back the optical catheter at the rate of 2 mm/s for 11 cm. Selected images recorded during the pullback are illustrated in Figure 6 .
Mild NURD may be observed in the first image at 0 mm while the optical catheter is at the distal extremity of the LAD branch. NURD is practically non-existent when the optical catheter moves out of the LAD branch as seen of the last OCT image at 105 mm. However, when the probe tip of the optical catheter passes through the smaller radius curve around 75mm, strong NURD is observed.
An attempt to evaluate the torque induced by friction may start by measuring the variation of the cumulated torsion of the optical catheter at the probe tip. The angular position of each of the four corners of the rectangular shape of the simulated artery branch may be identified on the OCT images during the pullback. By computing the average of those values, the graphic in Figure 7 was obtained. An angular variation peak is observed at a distance of 75 mm which corresponds to the passage of the probe tip through the smallest radius curve.
A torsion peak is also observed when the link with the flexible metal tube, located 40 mm proximal to the probe tip, passes through the same curve. The probe tip has been pulled back 35 mm from the beginning when that occurred. The link is rigid over several millimeters because of the glue used to assemble the optical components and consequently it induces more friction in small radius curves. 
Recovering undistorted image
The data used to obtain images during a pullback are acquired in cylindrical coordinates. One A-scan corresponds to one particular orientation of the catheter and the position along one A-scans corresponds to the radius. A number of A-scans are accumulated while the catheter is making one full turn. A Cartesian image is obtained by remapping each point of each A-scans to their corresponding Cartesian coordinates. In that process, it is assumed that the A-scans are evenly distributed along one turn or that the rotation speed is uniform. In practice, the rotation speed may be varying during a single turn thereby inducing image distortions.
When imaging within our test bench channels, we know exactly what the resulting image should be in absence of NURD. We can thus compare the images obtained on the premise of a uniform rotation speed with the real shape of the channels. We intend to obtain a map of the real angular position of each A-scan made during one turn. Using that information, it will become possible to compute the instantaneous rotation speed along one turn and thereby to quantify the NURD and, possibly, better understand how it happens. The shape of the channels grooved in the test bench is described in Figure 8a . The bottom segment C-B is detailed in Figure 8b and highlighted in a typical distorted image illustrated in Figure 8c It can be demonstrated that the distance of each point of the bottom surface relative to the probe rotation axis is unique for each A-scan within the line segment C-M CB . The distortion in the image in Figure 8c is the result of a wrong angular mapping of the A-scans involved for that image portion. For each of those A-scans, one can find the distance of the bottom surface in Figure 8c , and then, find the point in Figure 8b that corresponds to the same distance. The correct angular position of that point is then computed using the model of Figure 8b (a triangle) and its value is used to update the angular mapping of the corresponding A-scans in Figure 8c . By pursuing that process for each line segment that defines the surface of the channel, one can compute the correct angular map for the full frame and obtain an undistorted image as the one displayed in Figure 8d . The reference point C in the undistorted image was arbitrarily defined as the beginning of the frame (angular position equals zero).
This approach is proposed as a tool to quantify and better understand NURD when images are acquired from the NURD test bench. Unfortunately, it cannot be used to process distorted images acquired in real arteries.
Pullback force measurement
The force required for inserting or removing an optical catheter inside or from a sheath may be measured using a setup such as the one illustrated in Figure 9 . The measurement was made with an Instron Micro Tester 5548.
In this experiment, the hypothesis to be verified was that the pullback force measurement may be used as a mean to anticipate the rotational friction and resulting NURD amplitude along the artery during a pullback. A dummy probe having a similar geometrical shape as the imaging probe previously described was used. The length of the optical catheter, between the probe tip and the metallic tube, was shorter: 30 mm instead of 40 mm.
Dummy probe tip
Link to the flexible metal tube 30 mm Figure 10 . Force measured while pulling back the dummy optical catheter located inside the LAD branch of the 2D coronary artery model. The three curves in the graph are the signature of three pullback made under the same conditions. The force offset at the origin is induced by static friction.
The pullback force signature is similar to the torsion variation observed by the optical probe measured from OCT images and described in the graphic in Figure 7 . Two peaks are observed one at 80 mm when the probe tip passes through the small radius curve and the other peak is visible at 50 mm when the link to the flexible metal tube passes to through the same curve. There is a small location difference for the peak that corresponds to the passage of the link because it was closer to the tip in this particular experiment.
CONCLUSIONS
In this paper we have demonstrated that the geometrical structure of the heart vessels that is responsible for NURD can be simulated using a simple 2D test bench. Moderate NURD can be simulated with a simple mathematical model and quantified. The signature of pullback force measurements may be used to anticipate NURD for a given probe geometry even if the optical elements are not fully integrated.
